This paper presents a technical overview for fault diagnosis and fault-tolerant strategies of switched reluctance machine (SRM) systems. With the widespread utilization of electrical motors, stability and reliability become the most important considerations for safety. SRMs are famous for their great robustness, wide speed range, and high fault-tolerant capability, which are much suitable for high-speed and safety-critical applications. Although the SRM drive have some fault tolerance ability, the fault still seriously affects the system performance. The faults happening in different parts, such as converter, motor winding, sensors, and rotor, may lead to low torque, large torque ripple, overcurrent, insulation damage, and even system broken-down, without any fault-tolerant consideration. Therefore, it is important and urgent to improve the motor system reliability and robustness for SRM drives. Aiming at offering novel solutions to the faults in SRM drives, this paper begins with mathematical modeling of the SRM, and then concentrates on the state-of-art fault diagnosis and fault tolerance techniques to enhance the fault ride-through ability. Two categories, containing fault diagnosis and fault tolerance technologies are emphasized for fast faults locating and stable post-fault operation. Advanced technologies are reviewed, classified, and compared comprehensively. Besides, several fault diagnosis and tolerance schemes that have been developed by authors are presented and discussed as well. Finally, the research status and outlooks on this topic are put forward. It is our target to offer a global vision on fault-related strategies and bring out promising ideas about fault-related techniques in SRM drives.
I. INTRODUCTION
The electric motors have been wildly used in industrial manufacturing and traffic transportation since they were invented a long time ago [1] , [2] . At that time, the protection of the machine only contains some simple components, such as fuse cutout, to ensure the safety [3] . With the development of the human society, stable and reliable operation becomes a common sense in motor control [2] , [4] , and [5] . However, electric motors are often used in high-temperature and harsh
The associate editor coordinating the review of this manuscript and approving it for publication was Mohsin Jamil . environments, which may lead to various faults in motor drives [6] , [7] . These faults are usually unrecoverable, and may lead to fault spreading to motor drives, causing further damage to other healthy components. Without handling these faults, the electric motors will not be available for safetycritical applications, where even a small mistake may cause heavy financial losses.
The electric motors should continue to work and keep stable operation in fault conditions. Hence, the fault ridethrough capability is crucial in motor control system [8] . To achieve this purpose, fault diagnosis methods should be first employed to accurately detect the motor faults when happening. Then, further fault tolerance strategies ought to be implemented by the controller to maintain stable operation, avoiding uncontrollable broken-down and heavy financial losses. The combination of fault diagnosis and fault tolerance strategies are of great significance for motor fault ride-through capability.
For the electric motor drive system, different faults can occur in different parts. Typical faults of the electric motor drive can be categorized as follows : 1) open-and short-circuit faults of power transistors and diodes in the power converter; 2) unexpected connection or disconnection in phase windings, such as open-and short-circuit faults [9] , [10] ; 3) abnormal operation of the position sensors [11] ; 4) static and dynamic eccentricity of the rotor [12] , [13] ; 5) current sensor faults such as scaling and dc bias errors lead to inaccurate current sampling [14] . When the above faults happen during normal motor operation without any remedial arrangements, it could bring about serious consequences as follows:
1) overvoltage and overcurrent in SRM drives;
2) distortion in current and voltage waveforms;
3) short-circuit currents leading to permanent insulation damage and faults, and spreading to healthy elements; 4) large circulating current bring on cooling issue; 5) high loss, high torque ripple, and low efficiency; 6) unexpected phase conduction and commutation; 7) non-uniform air gap and unbalanced phase currents. To avoid these consequences, the faults are required to be handled instantly. Fault diagnosis and fault tolerance methods have been developed for permanent magnetic synchronize motor (PMSM), brushless dc motor (BLDC), and induction motor (IM). In terms of fault diagnosis, a novel thermal sensing approach by utilization of fiber Bragging grating (FBG) is proposed for open-circuit fault detection in PMSM in [15] . In [16] , an online fault detection method for open-and shortcircuit faults is developed in BLDC motor drive. Induction motor eccentricity fault is detected by the analysis of the spectrum information of inductance in [17] . For fault-tolerant control, the position sensor and current sensor faults are detected, isolated, and compensated without prior knowledge of the machine model and parameters [18] . In hybrid brushless motor drives, two fault-tolerant strategies are investigated for open-circuit faults [19] , where field excitation boosting and reconstructing armature fields are adopted to compensate the torque drop due to phase-deficiency operation. The space vector regulation method used for minimizing the copper loss is proposed under open-circuit fault in flux-switching permanent magnet motor [20] . The available methods of fault diagnosis and fault tolerance for electric motors are illustrated in Fig. 1 , making it possible to achieve fault ride-through in reliability-critical applications.
Switched reluctance motors (SRMs) with doubly salient structure take the advantage of high reliability, large starting torque, large speed range, and rare-earth free, receiving widely concerns for industry and research [21] . Nevertheless, the SRM drives are still vulnerable in some fault conditions. As a consequence, it is very important to develop intelligent fault diagnosis and reliable fault tolerance strategies. The open-circuit faults in power converter or winding lead to phase-deficient operation, where the output torque is decreased and large torque ripple is generated in SRM. The winding short-circuit fault will produce the over-current issue, leading to overheating, which may damage the SRM if not handled. Sensor faults also affect the SRM normal operation. Failures in current sensors cause failure in closedloop current control, making the chopping current control (CCC) become invalid. Phase commutation will fail when the position sensor cannot reflect an accurate position signal to the controller. Rotor eccentricity and bearing fault worsen the motor robustness. In order to maintain the reliable and stable operation for SRM systems, fault diagnosis and fault tolerance strategies are essential, which will be discussed in details in followings.
II. MATHEMATICAL MODELLING OF SRM
The overall structure of the SRM drive, and possible fault types and locations are presented and highlighted in Fig. 2 . The converter consists of several asymmetric half-bridge (AHB) converters connecting to each motor phase winding individually. The position sensor collects rotor position information for the speed calculation and phase commutation. The current sensors detect phase currents for the current closedloop control. Three typical working states of the AHB converter distinguished by switching states and the current flows are exhibited in Fig. 3 . In excitation state, both of the switches are turned on. The phase voltage equals to the dc-link voltage and the phase current increases quickly. In the freewheeling state, the lower switch remains on, while the upper switch is turned off. The phase voltage becomes zero, and the phase current falls down. In the demagnetization state, none of the switch is turned on. The negative dc-link voltage is applied to the phase winding, and the phase current decreases to zero.
The phase voltage equation of the SRM can be deduced by Kirchhoff voltage law as follows:
where U k is the phase voltage, R k is the phase resistor, i k is the phase current, L k (θ, i k ) is the phase inductance, ω is the rotor angular speed, and θ is the rotor position To describe the dynamic characteristic of the SRM, the mechanical equation is deduced as
where J is the rotary inertia, ω is the angular speed, T e is the electromagnetic torque, T L is the load torque, and F is the damping coefficient. The electromagnetic torque is produced due to the principle of minimum reluctance and can be calculated by
However, the mathematical model is an approximate description of the actual physical model of the SRM, which cannot reflect diversity of faults precisely. Consequently, fault diagnosis and tolerance methods need to be developed for a reliable and robust SRM drive system with fast fault ridethrough capability.
III. FAULT DIAGNOSIS METHODS FOR SRM SYSTEM
The first step of achieving fault ride-through ability is to timely diagnose and locate the fault. When the fault happens, some specific fault signatures will occur simultaneously. By utilizing these features, different kinds of faults can be diagnosed effectively. In this section, plenty of advanced fault diagnosis techniques are presented and introduced in details from different perspectives in this section.
A. MATHEMATICAL TRANSFORMATION
Mathematical methods are common in signal processing, due to their effectiveness and efficiency. Since the mathematical transformation is easy to implement in fault diagnosis, many papers use mathematical transformation schemes to detect faults. Both the faulty currents and torque waveforms can be analyzed in the frequency domain. Fault characteristics are more obvious in frequency domain than those in time domain, which ensures more accurate fault detection.
1) SPECTRUM ANALYSIS
In SRM drive systems, phase currents are discontinuous and unidirectional, and their fundamental frequency is related to the rotating speed of the motor, given by.
where f is the fundamental frequency of the phase current, n is the motor speed, and N r is the number of the rotor pole. To extract the amplitude of the fundamental signal, fast Fourier transformation (FFT) is used to the measured signal. The Fourier transformation can be expressed as (5)
Short-circuit fault can be diagnosed through the FFT method [21] . The simulation waveforms of phase currents in normal and short-circuit condition are given in Fig. 4 . The peak current value after fault becomes much larger than the normal peak current, resulting in heat dissipation problems and device damage issues. The post-fault torque ripple increases dramatically compared to pre-fault situation and the negative torque is generated in the inductance decreasing region, which seriously deteriorates the output torque of the SRM.
In [22] , four kinds of symmetrical components are deduced, including the zero sequence I A(0) , positive sequence I A (1) , negative sequence I A (2) , and half-zero-sequence I A(3) 
where I A , I B , I C , and I D are reconstructed four-phase current vectors expressed by fundamental component amplitude in a trigonometric function form.
Then, a fault index defined as the ratio of positive and negative-sequence components of the reconstructed current. The ratio equals to 0.5 in normal condition and will decrease with the number of shorted turns. Finally, the short-circuit fault can be detected by judging whether the fault index equals to 0.5.
Open-circuit faults can also be diagnosed by the FFT approach with a single current sensor [23] , where the Blackman window function is employed for FFT due to lower errors caused by spectrum energy leakage and picket fence effect. For open-circuit faults, the faulty phase is uncontrollable and the current inevitably decreases to zero, losing the ability to generate the phase torque. Hence, the average torque becomes lower with larger torque ripple as presented in Fig. 5 . In [23] , the open-circuit fault can be easily diagnosed and located by monitoring the dc, fundamental, and second harmonic components of the current spectrum with the bus current sensor.
Six kinds of open-and short-circuit fault occurring in different power devices are analyzed by FFT in [24] . By performing the FFT analysis on the bus current and comparing amplitudes of several specific harmonics, fault conditions can be accurately recognized from normal condition. However, some kinds of opening faults cannot be distinguished from each other.
Another spectrum analysis method for fault diagnosis is time-frequency representation (TFR), which is proposed in [25] . The main idea of this technique is to execute two kinds of TFR strategies, as illustrated in Fig. 6 . The smoothed Wigner-Ville distribution (SPWVD) is represented by W P (t,f) in (7) and the Cohen's class distribution (CCD) is denoted by (8) These two formulas aim at extracting fault signatures from the torque, because the frequency response of the torque changes in pre-and post-fault situation. The SPWVD is used to accomplish the mission of the open-circuit fault detection, and the CCD is combined with Fisher's discriminant to distinguish different open-circuit faults. Through the procedure exhibited in Fig. 6 , open-circuit faults detection and identification can be effectively achieved.
2) WAVELET PACKET ANALYSIS
To detect open-and short-circuit faults, wavelet packet decomposition (WPD) with current reconstruction is proposed by authors [26] , [27] . In the decomposition algorithm, the wavelet packet coefficients are obtained by
where d j,n l , d j+1,2n l ,and d j+1,2n+1 l are wavelet packet coefficients, and h 0(2l−k) and h 1(2l−k) are the low-pass and highpass filter coefficients for decomposition, respectively.
The wavelet packet coefficients in reconstruction algorithm are acquired by
where g 0(l−2k) and g 0(l−2k) represent the low-pass and highpass filter coefficients for reconstruction, respectively.
After decomposition and reconstruction algorithms, the average of the nodes energy is calculated to obtain the discrete degree of the nodes energy. The first eight nodes energy are calculated for fault feature extraction under fivelevel decomposition. This method is accurate and easy to implement for fault detection under different working states, including the variable speed and load conditions.
3) EXTENDED KALMAN FILTER
In [28] , extended Kalman filter (EKF) is employed for phase resistance calculation of the SRM. The bus current and rotor position are obtained as the input of the EKF. Then the VOLUME 7, 2019 FIGURE 7. Inter-turn faults detection schematic with EKF [28] . estimated resistance and reference resistance are compared to generate index signal for the inter-turn short-circuit fault. The fault diagnosis procedure for the inter-turn short circuit on the winding is presented in Fig. 7 .
This EKF method has high extendibility, high robustness, and low cost. By combining with other fault protection strategies, this method has the ability to detect other kinds of faults, which exhibits a great extendibility. Furthermore, the estimated phase resistance can also be utilized to evaluate the winding temperature without any additional sensors [29] .
4) COORDINATES TRANSFORMATION
In AC machines, Park transformation is widely employed in fault diagnosis [30] . In [31] , phase currents of SRM i a , i b , i c , and i d are transformed to i ds and i qs through (11) and (12), known as d-q current patterns.
where i a , i b , i c , and i d are the currents in the four-phase SRM; i ds and i qs are the transformed currents in d-q axis. Different current patterns contain open-circuit or and shortcircuit faults information. In the normal state, the current trajectory is a circle going counterclockwise. In the fault condition, the trajectory deviates from the normal shape. This feature distinguishes faulty and healthy conditions clearly without any additional switches or diodes.
Not only phase currents but also drive signals can be transferred in d-q axis to detect inter-turn faults, given by
where G A , G B , G C , and G D are the drive signals of the chopping switches. The mean values of the transferred drive signals G d and G q is not equal to zero in the inter-turn short-circuit fault [32] . The d-q transformation and current trajectory method are also employed in [33] to detect openand short-circuit faults called current Park's vector method.
B. DIGITIZING
Digital processor is suitable to deal with digital signals such as position signal from increment encoder, switches control signals, and sampling current signals. These digital signals are analyzed in details and fault characteristics are extracted from these signals.
1) CURRENT PROFILING
In [34] , four types of power transistor faults in AHB converter, including the upper switch open-circuit fault, upper switch short-circuit fault, lower switch open-circuit fault, and lower switch short-circuit fault, are diagnosed with one current sensor. The differential value of lower freewheeling bus current I fdn and upper freewheeling bus current I fup , i.e., chopped bus current, is represented as
The chopped bus current is a sequence of jumping signal. Through monitoring and detecting abnormal value of the chopped bus current, the above four types of power transistor faults can be accurately diagnosed.
By detecting the freewheeling current on the basis of digital method, five states including normal state and four typical fault states are recognized according to the digital number, which is acquired by comparing the freewheeling current with the threshold [35] .
An enhanced fault diagnosis method with minimal current sensing strategy is reported in [36] . A low-cost current sensor placement is employed for the phase current measurement exhibited in Fig. 8 . The reconstructed phase currents are compared with the thresholds to obtain the setting fault flag to indicate the open-and short-circuit faults.
The slope of phase currents in excitation, freewheeling, and demagnetization states are quite different. Based on the voltage equation, the gradient of phase currents can be calculated. In [37] , the fault signal µ combining the gradient of the phase currents λ and chopping signals P is described in (15) to diagnose the upper-switch short-circuit fault. And the lower-switch short-circuit fault is detected by comparing the freewheeling time of different phase currents.
Another remarkable fault diagnosis scheme is based on estimated and measured dc bus currents [38] . The diagram of the fault diagnosis scheme is illustrated in Fig. 9 , where the parameter k is selected by empirical formula (16) . This scheme is proved to be robust and accurate experimentally.
Numerical computation under various degree of the eccentricity fault is researched in [39] . When phase A is aligned, the sinusoidal test signal is injected into phase B. Then numerical analysis towards induced currents in phase A and phase C are employed. Then, the same procedures are employed when phase B or phase C is at the aligned position.
2) VOLTAGE PROFILING
Provided that the partial or whole pole winding is shorted, the magnetomotive force generated by opposite pole winding will be different, and thus the produced voltage will be different. In [40] , the short-circuit fault can be detected and located based on measuring the differential induced voltage of opposite pole winding with search coils depicted in Fig. 10 .
Eccentricity fault influences the air gap between the stator and rotor, which means that mutual fluxes contain eccentricity information. The numerical analysis of mutually induced voltage can also be used for eccentricity fault diagnosis [41] . It is confirmed that the amplitude of the produced voltage under chopping current control is also suitable for diagnosis of eccentricity fault. This method can be implemented without stopping the motor.
Another eccentricity fault detection strategy is investigated in [42] , where two test signals with opposite phase are injected into two coils of the aligned-phase winding. The amplitude of the induced voltages sensed from the other two phases will be different and will increase or decrease along with the degree of the eccentricity fault. However, this method can be implemented only when the motor is in stationary condition with one phase fully aligned.
3) GATE SIGNALS AUXILIARY
Gate signals are typical digital signals related to different faults. Open-and short-circuit faults in power converter and phase windings can be diagnosed quickly by making full use of gate signals.
Mixed logic dynamic (MLD) model and residual generation scheme are presented in [43] for the diagnosis of short switch fault. The ideal chopping bus current is obtained by (17) .
where S 1 ∼ S 6 are the gate signals of power switches in the converter, Then, the actual chopping bus current is acquired by a bus current sensor. The difference between the ideal and actual chopping bus currents is calculated for short-circuit diagnosis, and the procedure is presented in Fig. 11 .
In [44] , the open-and short-circuit faults in power switches open-and short-circuit faults can be detected rapidly by calculating the difference of the upper-and the lower-switch signals by (18) . Constant pattern detection strategy is implemented to diagnose fault types quickly and determine fault locations accurately within two electrical cycles.
Three coefficients A, B, and C denoted by (19) are used for fault identification in [45] . When the estimated and detected currents vary from each other, the fault location algorithm is adopted to find faults precisely. Both open-and short-circuit faults of the power switches can be easily diagnosed.
where SW m (m = 1, 2, 3, 4, 5, 6) are the switching signals and SW m (m = 1, 2, 3, 4, 5, 6) are the reverse switching signals. 
4) DIFFERENTIAL CURRENT PROTECTION
The total input and output currents value of a phase winding are always thought to be the same. Nevertheless, when the phase-to-phase fault happens, the coupling current flows in both phases, producing a differential value among input and output currents. This concept is widely used in the protection of the remote power transmission and power transformer.
To measure three-phase input and output currents, not only the placement methods of current sensors but also the novel current reconstruction schemes are required. In [46] , input and output currents of each phase are calculated using three current sensors. The phase-to-phase fault is modeled by a resistance connecting adjacent two phases. When the difference value between input and output phase currents i nres (n = a, b, c, and d) excess the preset value ε, the fault can be located instantly. The fault diagnosis process is depicted in Fig. 12 and the fault location function is denoted as:
No fault
|i ares | < ε, |i bres | < ε,|i cres | < ε phase A and B |i ares | = |i bres | > ε phase B and C |i bres | = |i cres | > ε phase C and A |i cres | = |i ares | > ε (20)
C. TRIAL AND ERROR METHOD
In order to achieve a real-time fault diagnosis, the trial and error (TE) method can be employed due to simple and practical features. In [47] , a comprehensive fault location technique is proposed to identify the fault component after detecting the fault. If the open-circuit fault is detected, the controller compels the upper switch to turn on and the lower switch to turn off. The demagnetization time is obtained for distinguishing which switch has open-circuit fault. Similarly, once the shortcircuit fault is found, both switches in the affected phase are turned off to decrease the current. subsequently, the upper switch is turned on to test which switch is short-circuited.
If the upper one is short-circuited, the phase current will increase rapidly. Otherwise, the current keeps zero, which means the short-circuit fault occurs in the lower switch. The TE method based fault diagnosis procedure for the determination of open-and short-circuit faults is exhibited in Fig. 13 . TE method can also be used for eccentricity fault detection [48] . For the three-phase SRM, two high frequency (HF) test signals are injected into two separated coils of phase A respectively when phase A is at the aligned position. Then the HF signals are injected into phase B and phase C in the same way. All the coil currents are measured. The amplitudes of differential currents of separated coils in one phase are recorded for comparison. The differential currents are sensitive to air gap variation, which is quite effective to detect the degree of rotor eccentricity fault.
D. SUMMARY
The summary and comparison of fault diagnosis methods mentioned above are presented in Table 1 with regard to superiorities, disadvantages, target fault types, and fault location ability. The mathematical transformation and digitizing method are commonly used in fault detection and the TE method is suitable for fault location.
The first four methods, including the spectrum analysis, wavelet packet analysis, extended Kalman filter, and coordinate transformation, are classified as mathematical transformation, which have excellent accuracy and simple implementation. These methods generally use analytical formulas such as FFT [22] , [23] , wavelet packet decomposition [26] , [27] , and coordinate transformation [30] . However, complex analytical formulas usually accompany with a long time to deal with sampled signals, reducing the real-time performance. The following three methods, including current profiling, voltage profiling, and gate signal auxiliary, directly handle the digital signals from sensors and compare them with reference values or preset thresholds to detect and locate faults. Current profiling, voltage profiling, and differential current methods have high reliability with short fault detection time, which TABLE 1. Summary and comparison of the fault diagnosis techniques. VOLUME 7, 2019 can minimize the fault impacts [41] , [46] . Gate signals and phase currents are important features in faulty conditions, which can be acquired without extra devices. Combining these two signals improves the fault diagnosis process [45] . The above methods are feasible and effective, which have great potential for high-performance fault diagnosis. However, their fault location ability is limited, and additional operations to identify faulty components are required. Hence, the TE method is employed to precisely locate the faulty element. The phenomena are expected to be observed under certain artificial conditions, such as turning on the upper switch or injecting HF pulse to possible faulty winding to verify the assumptions [47] . Whereas, the secondary fault may occur due to large peak current when locating the shortcircuit fault.
The tendency of the fault diagnosis methods is to equip with more accurate and fast response, more precise fault location, and on-line implementation on the basis of new fault diagnosis technique, fast fault detection algorithms, and advanced hardware. In mathematical transformation, reducing fault diagnosis time is a crucial problem, requiring simpler calculation and implementation. Digitizing methods need improvement in terms of complex algorithm of reconstructing currents and extra sensors. TE method may lead to fault spreading in the motor drive compared to other methods, which demands further improvements.
IV. FAULT-TOLERANT METHODS FOR SRM SYSTEM
Fault tolerance schemes based on hardware or software are widely used for fault-tolerant control in SRM drives. These schemes mainly rely on redundant components such as switches and relays, to replace the faulty parts in SRM drives without the utilization of any mathematical model. Besides, intelligent algorithms, such as artificial neural networks and current profiling are effective techniques to offer the fault ride-through ability to SRM drives, allowing them to be used in safety-critical applications.
A. POSITION SIGNAL ASSISTANCE
The position sensor with sampled deviation delivers inaccurate angular signals to the controller, resulting in phase commutation issues. Conversely, open-and short-circuit faults also lead to the failure of sensorless techniques [49] . In order to handle these two problems, several fault-tolerant control strategies are put forward, accordingly.
In [50] , a position estimator is invented based on the realtime flux linkage calculation. The inter-phase independence feature is fully utilized for position estimation when the phase fault happens. The rising edge impulse of the faulty phase is acquired by detecting 15 • position of foregoing phase in a 12/8 SRM and the falling edge impulse is generated 22.5 • after its own rising edge. The real-time flux linkage is calculated by (21) 
where ψ k is the phase flux linkage, U k is the phase voltage, R k is the phase resistor, i k is the phase current, and T is the computation period. For position signal tolerant control, a maximum-likelihood voting (MLV) strategy based on an active position sensor method is proposed in [51] . One position sensor and two sensorless techniques are adopted and their outputs are regarded as the inputs of the MLV algorithm. The main idea of MLV is to choose, based on how reliable each input is and how faithful its output is, the output that is most likely correct. The possibility X j is expressed in mathematical form as formula (22) and (23), which are analyzed in details in [51] . Rotor position still can be estimated when the position sensor is disabled by the proposed method.
where j represents the input, R is the winding resistance, and N is the number of the input. Another effective position fault-tolerant strategy is investigated in [52] . Three optical position sensors are installed on the motor for rotor position detection. Position signal edge prediction (PSEP) method is adopted for the fault detection of the position sensor. When one or two position sensors are in the fault state, they are disabled immediately and the rotor mechanical angle AR is acquired by averaging the healthy position signals denoted in (24) . In the worst case, three sensors are damaged simultaneously during operation. The position index pulse is generated by means of inductance slope and phase currents. This position index pulse achieves the position estimation without extra devices. (24) where S i = 1 represents for healthy sensors, while S i = 0 is for faulty sensors. AR_i denotes rotor mechanical angle detected by sensor i, and i = 1, 2, 3.
In sensorless control, the rotor position is always estimated with the utilization of phase voltages, phase currents, and phase inductances. However, they are distorted in open-and short-circuit faults, resulting in position estimation failure and system broken down. To ensure reliable sensorless operation, these faults are supposed to be considered in position fault-tolerance strategies.
The sensorless control strategy comprising a slope zero crossing comparison scheme and maximum inductance partition strategy is investigated in [53] . This technique can effectively estimate the rotor position and motor speed, even with one phase open-circuit fault. Even if the estimated phase inductance value is zero due to the lacking phase operation, the rotor position can still be calculated from other estimated phase inductance profile, as presented in Fig. 14. A robust sensorless control scheme with high reliability achieving rotor position estimation under single and multiphase fault is put forward in [54] . For single-phase fault, the position signal is absent due to the phase-deficiency operation. To compensation the position signal, a conducting time estimator of the healthy phase is adopted. Besides, aiming at rotor position evaluation in multiphase fault, a combination of inactive and active sensorless method with and without pulse injection, known as multiphase hybrid method is developed. HF pulses injection in idle phase and the flux linkage calculation with look up table in active phase are associated to constitute the global position estimation method depicted in Fig. 15 . This method can acquire accurate position information as long as one phase is in a healthy state.
B. HARDWARE AUXILIARY
In the event of the SRM failure, removing the faulty parts, finding the alternative components to replace the faulty parts and mitigating the impact of failure are direct and effective solutions for fault tolerance. Many fault tolerance techniques are created depending on these basic ideas, including redundant switches auxiliary, modified power converter topology, double coil banks, optimized motor design, etc.
1) REDUNDANT SWITCHES AUXILIARY
Power switches are the key components to control phase currents. When they are open or short circuited, the power converter is out of control and the SRM drive cannot operate normally. To settle the problem, redundant switches which are idle during normal operation serve as a backup in abnormal conditions. For instance, a new power converter topology with the minimal number of backup switches is researched in [55] . Detailed investigations by using hardwire auxiliary to achieve fault tolerance control are presented in [56] - [60] , where redundant switches are selected and controlled to substitute for the open-or short-circuit one. A five-level power converter topology with two extra switches in each phase is presented in Fig. 16 for multiphase open-and short-circuit fault tolerance [56] . Six fault-tolerant schemes are presented for six kinds of switch open-circuit faults, correspondingly. This strategy improves the reliability of the SRM drive and offers multilevel voltage output ability, making it more applicable in safety-critical applications.
To reduce the cost of the tolerance circuity, relay networks are added to cut down the quantities of redundant switches in [57] . Two upper switches and upper relay networks are used to replace faulty upper switches, while two lower switches and lower relay networks are used to take the place of the faulty lower switches. In [58] , two redundant half-bridge inverters are regarded as the safety backup for faulty components. Two center-tap nodes in each phase winding are extracted and connected to relay networks. This topology provides powerful open-and short-circuit fault tolerance capability by insulating the faulty components to sustain a stable operation. The simplified schematic for this strategy is exhibited in Fig. 17 . In [59] , the redundant half-bridge switch modules are adopted to bypass the faulty part in the SRM drive. The outputs of the backup half-bridge inverters are connected to the center-tapped nodes in phase windings. This method blocks the faulty part in SRM drive without much change to the converter circuit. Hence, the open-and shortcircuit fault problem can be easily solved.
Instant power outage fault deteriorates the performance of the SRM drive and makes the drive system broken-down for a worse situation. An auxiliary switch cascaded into the converter known as the chopper switch undertakes the function of maintaining the supply voltage during power outage fault. The inductance and double-layer supercapacitor are also employed in the modified power converter. In the process of power outage fault, the chopper is turned off and the supercapacitor plays the role of supplying energy to the motor and controller. Then the chopper is regulated to charge the capacitor when the dc-link voltage is back to normal [60] .
2) MODIFIED POWER CONVERTER
Redundant switches increase the construction and maintenance cost of SRM drives. Moreover, the original switches are heavily used, while the redundant switches are lightly used. Consequently, the life-spans of switches become different. Considering this point, the modified power converter is developed to achieve fault-tolerant control in [61] - [66] with the ability to balance the service life of all power switches.
As exhibited in Fig. 18 , four solid-state relays (SSRs) K 1 ∼ K 4 are connected to two standard six-pack switch modules for open-and short-circuit fault-tolerant control [61] . In the open-circuit fault, four SSRs are kept closed and switch control signals are adjusted to form a closed loop for currents. In short-circuit fault, one of the SSRs will be turned off and five tolerance operation states are analyzed in details.
In [62] , the SRM has two channels (channel 1 and channel 2), and each channel owns three phase windings namely A 1 , B 1 , C 1 , and A 2 , B 2 , C 2 sharing a common neutral point. On one hand, the power switches open-circuit fault is repaired by regulating drive signals of power transistors. On the other hand, the phase winding open-circuit fault is fixed by injecting three-phase symmetrical sine-wave currents into the healthy channel and two sine-wave currents with opposite phase into the faulty channel. The torque ripple is reduced by this fault-tolerant method. In [63] , [64] , dual-channel SRM (DCSRM) is proposed whose phase windings are connected to AHB converters independently, providing excellent phase isolation and fault tolerance ability. The SRM is able to continue operating even if three-phase windings in one channel are broken-down. Neutral point clamped AHB converter is investigated in [65] , [66] , making it possible for the SRM to continue operating after switch open-circuit fault.
3) DOUBLE COIL BANKS
An 8/8 single-phase switched reluctance generator (SRG) with split-winding configuration is developed to tolerant open-and short-circuit faults of the windings [67] . [68] . Double coil banks structure is illustrated in Fig. 19 . Coil bank A and coil bank B possess four coils individually, where four coils are in parallel connection. A short magnetic path is realized, reducing the iron loss in stator, especially in highspeed situations. When one coil is open-circuited, the adjacent coils currents are doubled to compensate the flux in the air gap. In short coil fault, half of the coil is disconnected by turning off the lower switch in faulty coil bank. The output power is maintained more than half of the original value. Nevertheless, the coil currents in the same coil bank influence each other severely, reducing the control flexibility.
4) OPTIMIZED MOTOR DESIGN
The primary purpose of fault tolerance is to mitigate the shortcircuit currents in short-circuit fault and improve the motor torque performance in open-circuit fault. This target can be achieved not only by controlling power switches or figure out new converter topology, but also by optimized motor structure in the motor design process [69] - [71] .
In [69] , permanent magnetics (PMs) are inserted into the tooth of the stator which improves the torque characteristic and reduces the induced EMFs. As a result, the EMFs are drastically reduced under open-circuit faults. For short-circuit faults, optimized PM placement strategy minimizes the EMFs and suppresses the peak current value. The fault-tolerance capability is enhanced by the PM assistance, which dramatically improves the reliability of the SRM drive system, and segmental rotor also improves the torque density.
In [70] and [71] , a particular design of stator with spacers is illustrated in Fig. 20 for four-phase SRM to improve the phase independence and enhance open-circuit fault-tolerant capacity. The coils are wounded tangentially on segments of the stator and controlled independently by power converter. The modular stator structure offers a mutually independent short magnetic path, enabling simple manufacturing of stator and convenient replacement of faulty stator blocks without disconnecting from the load. Compared to the conventional 8/6 four-phase SRM, lower torque ripple and less iron loss are validated by simulation and experiment. Although the average torque decreases as the number of opened coils increases, the efficiency stays the same.
C. INTELLIGENT ALGORITHM
The study of the intelligent algorithm based on optimized remediation strategy is to sustain a normal operation and improve the performance of the motor in the event of the fault. The commonly used techniques mainly include current profiling and fuzzy logic control.
1) CURRENT PROFILING
In [71] , the torque ripple under normal condition and opencircuit fault situation is decreased by tracking the command current obtained from the current table I = f (T , θ). Two current tables are pre-acquired for normal and open-circuit fault operation to minimize the torque ripple, which is derived from finite element modeling analysis. In [73] , an integrated inverter with pole distributed configuration is invented for switched reluctance traction drive with fault-tolerant ability. When one pole module is broken-down, the unbalanced magnetic force and vibration can be mitigated by blocking the opposite module to restore the symmetric excitation. A current profiling fault-tolerant strategy is investigated in [74] by enlarging the command value of phase currents and expanding the conduction period.
The current profiling strategy can also be applied to compensate the levitation forces when winding short-circuit fault happens [75] . When one stator winding is fully shorted, the levitation force will be synthesized by short-circuit current in faulty winding and compensation current in adjacent phase winding. The currents in short-circuit winding and compensation winding are analyzed by mathematical model and accurately injected into the corresponding phase windings. The control diagram of this current profiling strategy is presented in Fig. 21 . Owning to the inherent fault-tolerant feature of the SRM, the open-circuit fault can be viewed as an automatic loss of the faulty phase. The short-circuit fault tolerance control is achieved in [76] based on turning off the faulty switches in advance to eliminate the peak current. However, disabling faulty phase switches for short-circuit fault-tolerance control is more advantageous than turning off switches in advance because of its high efficiency in the same operating point.
2) FUZZY LOGIC CONTROL
Fuzzy logic control is suitable for dealing with the system with high nonlinearity by fuzzification and defuzzification processes. Compared with the PID control method for SRM drives, fuzzy logic control schemes exhibit better speed dynamic response and lower torque ripple in the faulty case [77] . Fuzzy logic systems (FLSs) with adaptive tracking ability is derived for sensor faults and Lyapunov functions are adopted to analyze the system stability [78] .
An adaptive fuzzy logic control strategy is also investigated in [79] . The fuzzy controller uses rotor position information to calculate the command phase currents. The system parameters are calculated on-line which avoids time-consuming finite element analysis and mathematical model. The membership functions consist of five triangular functions and one rectangular function. To minimize the torque ripple and maintain stable operation, the turn-off angle of the outgoing phase is delayed and the turn-on angle of the incoming phase is advanced. The control diagram of the adaptive fuzzy logic control is depicted in Fig. 22 . This method offers the minimum torque ripple and maximum output torque during opencircuit fault. 
D. SUMMARY
In order to optimize the performance of the SRM drives under faults, different kinds of fault tolerance techniques are listed and comprehensively compared in Table 2 .
The position signal assistance strategies are useful in fault-tolerant control. The position sensors can compensate each other for position sensor displacement fault [51] . The sensorless methods are also adopted for faults in position sensors and circuits [52] , [54] , [55] . Nevertheless, the position sensor assistance method mainly focuses on position signals acquisition without repairing the open-and shortcircuit fault, which needs other strategies for fault resilience. The hardware auxiliary is the most effective way to handle faults by adding redundant switches, modifying power converter, double coil banks, and optimized motor design. The redundant switches and relay networks are employed as the safety backup [58] , [59] and dual three-phase power converters combined with DCSRM [63] are used for open-and short-circuit fault tolerance. The double coil banks method is specially designed for single-phase SRM, providing the ability to mitigate the faulty impacts [68] , [69] . In terms of the optimized motor design, assistant PM embedded in the stator reduces the EMFs and consequently suppresses the peak current in short-circuit fault [70] . Segmental stator motor structure is also a good option in fault-tolerance control. The spacers in the stator serve as obstacles in the flux path, reducing the coupling effect among phases and impeding the fault spreading [71] , [72] . The current profiling strategies can also be used to maintain a steady operation during faults. The current commands are regulated by TSF function for torque ripple minimization [73] and the mathematical model is proposed for levitation force compensation [76] . Additionally, fuzzy logic control smooths the output torque by adjusting the conduction time with its self-adaptive ability [80] , [81].
As mentioned above, the future trends of the fault tolerance methods are predicted as follows. In position signal assistance strategies, either multiple position sensors or sensorless techniques need to be adopted. A more economical and simple position signal assistance strategy with reduced sensors and reliable algorithm is expected. Hardware auxiliary is the most common strategy in fault tolerance accompanying with high cost. On one hand, the novel topology of the power converter is desired with fewer extra devices. On the other hand, special motor design is also important in compensating faults. The intelligent algorithm is supposed to be simpler and easier to implement, reducing the calculation requirement for the controller. Generally, simple, reliable, robustness, and powerful fault tolerance strategies with fast response are the future trends.
V. CONCLUSION AND FUTURE TRENDS
The safety of electrical motor gains increasing concerns in plenty of fields, such as industrial applications, traffic transportation, aerospace, etc. The SRM is one of the rareearth-free motors with robust structure and good post-fault performance, which can be widely used in safety-critical applications. Although the SRM drives free from some fault conditions, they are more vulnerable and exhibit poor performance without fault tolerance control. Hence, the fault diagnosis and fault tolerance strategies should be implemented in different fault conditions to improve the reliability and robustness of the SRM drives.
This paper provides a technique overview of fault diagnosis and fault-tolerant control strategies for SRM drives. Different fault diagnosis methods, such as mathematical transformation, digitizing, and TE methods, are compared in terms of adopted techniques, advantages, disadvantages, target fault types, and fault location. Mathematical transformation is simple and effective in fault diagnosis, while increases the burden of the controller due to complex analytical expressions. In the digitizing method, the controller directly handles the sampled currents, voltage, or position signals. The processed sampled signals are compared with the threshold value to detect faults, which shows great simplicity and fast response, without affecting the motor normal operation. The above methods are quite effective and efficient in detecting faults, but they have a deficiency in fault location. To deal with this issue, the TE method with strong fault location ability is proposed based on assumption and trialing, expecting to observe the corresponding phenomena. Therefore, future research works and forecast research hotspots on fault diagnosis techniques are provided as follows.
1) The fault detection process should be accelerated and more efficient signal processing scheme should be put forward.
2) The computing burden of the controller should be reduced by applying simple and effective fault diagnosis method without affecting the normal operation of the SRM. 3) The fault should be precisely located and failure spreading should be effectively prevented. 4) The detection sensors and other extra devices should be further reduced.
With regard to fault tolerance strategies, position signal assistance, hardware auxiliary, and intelligent algorithm are compared with respect to adopted techniques, advantages, disadvantages, and target fault types. The position signal is helpful in fault-tolerant control, but it is quite complex, especially when the sensorless method is adopted. The hardware auxiliary strategy is easy to implement which has a strong fault-tolerant ability. Redundant elements and modified power converter are employed from the control perspective, while the PMs and spacers are developed from the motor design perspective. The intelligent algorithm is also a promising strategy by adjusting current commands and executing the fuzzy logic control algorithm. Future research works and trends of fault tolerance methods are listed as follows: 1) Propose a novel sensorless method to acquire position signal under faults with reduced the complexity. 2) Use as few additional components as possible without sacrificing the fault tolerance capability.
3) Design novel power converter topologies for flexible fault-tolerant control with minimum number and maximum use ratio of components. 4) Optimize the motor design both in stator and rotor. 5) Create advanced intelligent algorithms with the ability to acquire motor parameters dynamically and adjust the control parameters under faults.
